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EM! XTANCE GROWTH CAUSED BY BENDS IN THE LOS ALAMOS FREE- ELI? CTRON
lASl?R ENERGY RECOVERY EXPERIMENT*

B. E. (!arlsten, MS. H825
Los Alamos National I.aboratory, Los Aiamos, NM 87546

Abstract

Experimentally transporting the beam from the
wiggler b the deceleratnm in the ener

Y
recovery

experiment (E RX) at the Los Alamos Nationa Laboratory
free. electron laser was more di~cult than expected
because of the large ~rtii~ emit~nce in the beam. This

‘emit~nce was n
achromatic bend. Yo get t.Kisc&’;kdt;;ou~; s~K?q.ZZ;
bends without wrili interce tion, the quadruple focusingR-had ti be changed from t ~ design amount; as a result,
the emittance grew further. This paper discusses various
mechanisms for this emittance

~;~n[s?; Z b~~dincluding effeck caused by pat
resulting from wake-field-induced energy than es of
paficles in the beam and examines ●mittance \lters,
ranging from a simple ape fiure ne~r a beam crossover w
more complicated telescope schemes designed tn regain
the original emittance before the 60” bend.

Introduction

The ERX at the km Alamos free-electron laser (FEL)
otudied the possibility of recovering ●nergy by directing
the electron btam ~ a series of decelerators,’ after the
beam caused lasing in the wi gler, These decelerators

fwould recover a Iarpe amount o the beam’s energy, which
was not used in Iasln The decelera~m and accelerators

7would be driven joint y through a bridge Coupler; a if the
recovered ●nergy ●xceeded tie ohmic !osses in the
decelerators, it could succeed in artially driving the
accelerator, thereby increasing $ e overnll electronic
efficiency of the Iasing significantly. In the ●x eriment
performed, Ythe average beam current was so ow that,
In fact, tt,~ rf loxaes in the decelerntom were greater than
the recovered ener~; thus the experiment only served as a
proof-of. principle test.

Because th~ couplin scheme wr.s designed for IOW
flosses, the acceleramm an decelerator were placed close

to one another, resulting in a folded heamline (Fig. 1),
After the wiggler, the beam enters a 180” bend with two
cou led pairs of quadruple single U+ tuned tu make it

\isoc ronous (and thus achromatic). Lnter, the beam
enters a 130” bend with one coupled pair of quadruple
singlets m rnnke it also ie~hmnous, Then, the beam
goes through a matchin

k’
section of four single~ and

enters the decelerator, emulations using the particle
tracking code PARMELA show thut If the unnormnlized

,,
\

,, ‘f?“

Fig 1, RRXt~ennlline.
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beam ●mittance is greater than 20 nrn.mmrad, the four

~mittance is defined as the area of the trans.verse phase-
uadrupole sip ‘lets ctnnot satisfacbrily match the beam.

space ccntour containing 90% of the beam.
Simulations show Lhat the current tiansport through

the beamline depends critically upon th~ beam’s
emittance, For beams with emittances greater than 3
nrnmmrad at the entrance ~ the 180” bend, the l-earn
will grow sufficiently in the bend to start scra ing along
the beam walls Thus, the quadnpale pairs [rive to be
varied from their isochronous (and achromatic) settings to
regain 100% beam transmission. Because the bend is no
longer achromatic, the beam’remittance begins w grow in
the bend. As the initial beam emittance is increased to 4
n.rnrn. mr~d, tie ●mittance at the end of the bend g-rows to
14 nmmmrad and as the initial emittance is increased
further, he final emittance quickly grows ta the point
that the beam cannot be matched into the deceleramrs,
More funaa.menhlly. a large initial emittance is
undesirable kcause it de~adesthe lasing,

Initial PARMELA simulations of the beamline to
the s~rt of the 180° bend indica~d ●mit~nces of only
3 nmrnmrad. in the same position, however, the actual
beam had emittances of up to 15 n.rnm,mrad with high-
beam current, resulting in beam blowup in the
decelerahm, By decou Iing and retuning the quadruple
single~, we matched &ebea.m inta thcdecelerabms and
achieved successful energy recovery.’ The mqority of the
unexpected emittance growth measured at the 180” ber.d
appmently took place in the 60” ●chromatic bend, possibly
caused by

● nusalignment and ●symmetries in the bend,

P
● ener -independent, radial qpace-charge forces in the

ban , and
● path deviktiono in the bend caused hyparticle -

energy changes fmm wake fields.

Mechanlsma for Emlttance Growth

Mlsallgnmento or Asymmetrleo In the Hend

The tchromltir 60” bend, shown in Fi 2, is faiily
insensitive to small changes in iu layout. f’he following
list describes the emitt.anca ~owth renulting from various
mia~lignments. The Iabelc Dl, D2, and D3 refer to the
flint, second, and third mapeb in Fig, 2, res ectively,

rThe number in parentheses after n magnet Iabe refers tn
the angle it actually bendo the beam, Forexnm~le, D1(60)
mennm that the firstmagnet bendo the beam 60 The Inst

.,
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three entries in the table refer to the cases in which the
dipoles are cocked so the beam is bent out of the plane
of the beamline (Fig. 2). These calculations, using
PAR.MELA, were done with a beam of initial emittance
1.5 rr.mm. rad. The magnitude of ail the errors reported
here is suspected to be much larger than the actual
rn.isalignmen~s.

Error

Both beamdrifiue 2.5 an longer

Fimt beam oriftis 2.5an longer

D1(59), D2(58). D9(59)

DI(59), D2(60), D3(61)

D1(60), D2(59), D3(59)

Dl(59~, D2(59), D3(60)

First dipole rotated 1“ clakwiae

%eond dipie rotated 1“clockwise

Third diple rotated l“clockwiae

Fimtdiple rained 5“outofplane

&condd.ipole raiud 5°0utofplme

Tbird dipole m.iaed 5“out of plane

Change in
Euuttance

(n.mmmrnd)

0.03

040

0.35

1,42

1,10

1.34

1,10

1.61

1.40

1,26

1.10

1.12

AlthouFh some of these g?owths represent a lar e
~rcentage JI the ‘?initial barn ●pittance, they on v
increase the overall emittance to about 5 rrrrmmrad.
These increnses robably add in quadrature, End they are
independer, t of A e origrnal beam emithnce,

Enerfly.lnclependenL Radial Space-Charge Force

Ar, electron bunch, which is beinq bent, feelsar~dial
force in a dipole field, caused by r-he dlflerence in *Ae curl
pnrt of the space-charge vectir-potential ●quation when
the Az term (linear motion) is replaced by an A~ &rm
(c!.rculnr motion ).” This exma wrm appears in the
m~gr.ctic tTeld as

ii =i Llnual +i; Ao,

which resul?d in nn energy-independent radial force. The
LSrm fiulu,l is sim ly the usual magpetic field found
in linear motion, !he emittance~rctwth caused by this
eflect scales linearly with beam WI th, peak current, and
with the angle of deflection, By including this force in
PAR,MELA simulations of the 60” achromatic bend, iu
effect can be estimated.

Initiml Final
Emitmzcs Emittance

Csae (nrrumrnmd) (nm.mmrwl)
— ——

Bam not focuwd in &nd 2 7

Bmm Lxusad in hnd 3 2

Th@ beam is focusm-1 with a quadrl]pole tri let
!located roughly I m in front of the smrt of the bend he

beam is about 1.75 cm in diameter without focusing nnd
about 0,3 cm in distmtter with focusing, The initiml
emittsnce is greeter in the focused case because the rndinl
a acechnrg? forces are grentcr with a smnller bcom In
J e simulations, roughl one qunrter of the pnrticles were

i’mcrnped in the bend, w ICR rtccounta for th~ drop in the
emittence in the second case,

These nimulntinns were for a ●ak current of 200 A
\(r.~ensured right after th~ b?nd), w Irh is nimilnr to the

peak currants nctunlly seen, The radiul s nccchnrEe force
Fappenrs to be UM smnll tu nccount or moot of the

emittance ~rowth in the b~nd,

Longitudinal Wake-Field Effects,

Although ~-ansvefie wake. field effects ma be
important, they are smaller than the effects o[ the
longitudinal wake fields in the 60° achromatic bend,
Simply stated, the longitudinal wake field changes the
path of the particles because their energy has now
changed. If this change occurs in the midile of the bend,
because of a scraper, the beam box to beam pipe
transitions. or the beam pipe bellows between the dipoles,
then the bend is no longer achromatic. In Fig. 3, we see
the efTect of depressing one atmcle’s ene!-gy at the center

Jof the bend, The particle is Isplaced from its un erturbed
position at the exit of the third magnet an 1 its exit
trajectory is not parallel ta the unperturbed trajectory,
For the case in Fig. 3, the particle experi~nces a la. energy
depression at the center of the bend and, as a result is
translated 3 mm transversely and exit-s [Lta relative an$le
of 0.6’. This transition and rotation is linear with
respect to the energy depression of the particle; with a
1 20rc energy depression, I ex ect to see a 1.5. mm
translation and a 0.3” rotation. ‘/here is a cro+sover of al,
the perturbed and unperturbed trajectories located 28 cm
from the exit plane of the last magnet. When averaged
over all the Parbicles and their different energy losses,
there is a ran~e of particle displace men’,s and rot?. tions,
which is an emlttance growth.
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Knowing the magnitudes of these ti~nslations and
rohtiona allows me to de bsrmine how beam size affecw
cmitbnce growth, For example, with a 1% energy
depression, one can calculate what ha pens *mn beam with

Ian Initial emittance of 2 rrmm,mrm and various diam
~’nm. If the beam diameter is large ~1,7 cm), then the
diver ante Of’aziy particle, given by the emittance divided
b $e radius Initially can

I
very up to 0,6 mrad

( 0.3 mrad). If the beam trajector-y is altered by 3 mm
and 30 mraci, th?n the flnril beam uku ia rough ly the same,
hut now a particle’s divergence cnn vary over 30 mrad, so
the emittance has grown by a factor of 59.

Toward ‘Ac ot+er~xtreme, if’1start with a very small
crrmwsechon beam (O W mm in dia~n), then a pnrticle’s
divergence is limited M 60 mrnd. If the beam pnsses
timugh the bend and the oticlas have their trajectories
●l~red,in the same wny, J en the uppoqite hnpp~ns. T}.c
beam divergence does not change much, but tht benm size
becomes 3 mm, rea~lting a ain in an em!ttnnco growth of

!a fcc@rof W An interrne IRW cane, with a benm size in
the middle, [3. mm diarn) leads b less rnmittancv grl)wth
Now the benm divergence in Ilmi&d taobout 2 mrmd The
3.rnm translatirm fAncl30-mrad rtkation yield nnernittnrlr?

r
wth of about W n mm, mrad, a factot of 15, Usinu

ARMI?LA ~ simulnte th!u efTert, 1 come up with the
followlng list, which aKr~en well with th~ above simple
picture:



case

E~ae~Mlepression, 113%

Initial Finnl
Emit~ce Emit@nce

(n.mm.mrad) (rrmmrnrnd)
—— —.

2 76

9 15

2 99

3 8

The beam cannot be focused h less than 3 mm at the
entrance of the bend because of the great distance (about
1 m) between the focusing quadruple triplet and the start
of the bend. As befor~, particles are scraped going around
the bend, and because there is almost a uniform
distribution of particles with ener~ depressions between
none and the full 1%, the 90% emlttance cm~taura sh~uld
be somewhat lower than the earlier estimates.

These crslculations are for a single source of wake-
field eneration; in articular, the are for a scraper in the
midd!eofthesecon?60” magnet. ;reliminarycalculations
using wake fields from the beam-box transitions in the
magnets show very similar results.

The measured beam size is about 1 cm and the ob
served emittance is 16-20 n.mm.mrad, This emittance
corresponds to an energy de resa.on of a~ut 0.4%, which

fis consistent with wake- fiel calculations of the beam-box
transitions. Energy diagnostics show energy depressions
as large as 3%, but the diagnostics are farther
downstre~., acd the depression is caused, in part, b)
wake fields In the region after the bend,

Use of Flltera to Elimlnate Emitmnce Growth

A simple aperture i~ a good emittance tilter. A

?ront, at, or behind an aperture, The effectiveness of
uadrupole triplet can produce a beam waist either in

●mittsnce filte.ing is measured by the ratio of the initial
to final beam Lm htness, which is proportional to the

1!beam current divi ed by the total transverse emitta; ice,
In Fig, 4, this ratio is

!
lotted for the three different

focusing situations as u unction of beam transmission.
Th? plot shows that very satiafactor emittance filtering is

{possible if one can tolerate a alr amount of beam
Interception. Of course, emittance filtering onl removers

iparticles that might in&ract unfavorably with t e light in
the wiggler and cannot increase the actual number of
●lectrons that are infracting correct]

1In the actual FEL experiment, ● 60° bend is used to
rotate the electron beam into coincidence with the optical
axis of the laser mirrom, Hence, the aperture used for
emittance filtering must be large enough ti permit the
Ineer H ht b pass through without eclipsin , An
acce tab e denl@n* in shown in Fig. 5.
~a~ru~le is used for the filusrin~ The a~rt~!e i~%

osition C in Fig, 4, and CurV~ rnhows e brightnes~
enhancement aa a functiou of beam Uansmissir-m,
PARMELA simulations of this exact geometry agree with
Cume C becauae the do not uke into account any

inonlinearity in thequn rupoleflelds,

Corwluslon

1 have examined several causes foremittmnce growth [n
the beamllne up ta the decelerntms, The growth is a
cascade effect that starts fmm an initial emittance growth
in tha N)” bends. This ~r rjunlity beam mm only he
transmlt~d thrcwh the 180 bend by miutuninq its
qundru olen IIwny from nrr achromatic setting.

f
I’hiu

miatun ng reuults in further cmittnnw growth, I suspect
. ——... —
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that the initial emittance
r

wth is caused by
longitudinal wake.field effects in ● 60° bend from either
a scraper at the middle of the bend or the beam-box ta
beam-pipe tranaitionss. The Iontitudinal wake fields
create a variable energy deprenaion on some of the
●lectronn, and theaa electrons then take diff~rent paths
inside the 60° bend, An a result, the bend Is no longer
achromatic, A wake.field @nergy depression of 0,4%
inside the bend would account for the ernittance growth
observed in the experiment, Th:a amount of energy
depreaaion is conslatent with that actually seen using
energy-spread diagnostics, A complicated telescrrping
emlttancw filter tllny then be used to reqain the earlier
brightness at a cost of some of the beam transmission.
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